Amorphous LiNbO3 powder compacts derived from completely hydrolyzed metal alkoxides were character ized in terms of Li+ coordination and conductivity at temperatures below 200. Amorphous LiNbO3 pow ders were prepared by the dehydration of lithium niobium hydroxide hydrate gel at 200 (LiNbOm/2(OH)6-m nH2O) which was precipitated by the complete hydrolysis of lithium and niobium double alkoxide with water. The powders heated at 200 of amorphous LiNbO3 powders, which were X-ray amorphous, showed broad bands on Raman spectra indicating an intermediate stage with a tendency to crystallization. The state of Li in the amorphous LiNbO3 powders was also characterized by 7Li MAS NMR, and compared with that in polycrystalline LiNbO3. 7Li MAS NMR spectra of amorphous LiNbO3 showed an extra small broad band downfield shifted by about 13ppm from the main band. This extra band is attributable to the different Li state in amorphous structure from that in the polycrystalline structure. This disordered state of Li ions should give rise to the mobile Li ions that might attribute partly to the conductivity.
Introduction
LiNbO3 single crystals are widely used in electro-optics and nonlinear optics devices. Application of LiNbO3 single crystals for waveguides has been studied extensively.1)-5) The authors have established the processing of stoichiomet ric crystalline LiNbO3 by the sol-gel method using metal alkoxides previously.6)-11) The method is pursuing to im prove the process of epitaxial LiNbO3 films on sapphire C substrates with low optical propagation losses.
On the other hand, some investigators have reported that glassy LiNbO3 prepared by roller quenching method indi cates anomalous dielectric behaviors and high Li+ ionic conductivity.12)-16) Electronically insulating materials which exhibit high ionic conductivity like LiNbO3 glass have been receiving attention as a solid electrolyte in an energy storage system. In amorphous LiNbO3, high Li+ ion ic conductivity has been predicted to be attributable to Li+ ion motion through Nb-O framework.
The sol-gel method has an advantage to prepare powders with highly pure and well controlled stoichiometry in a nar row range of particle size. Recently, the availability of the high resolution solid state FT-NMR has extended to the study of the coordination state of detectable elements over the periodic table. As 7Li has spin quantum number of 3/2 with nuclear magnetic moment and high relative existence rate, the state of 7Li can be detected sensitively by solid state NMR. This study is focused on the preparation of high ly pure LiNbO3 amorphous powders by the sol-gel method and on the intermediate amorphous stage toward to the crystallization in terms of the Li+ coordination and conduc tivity.
2. Experimental procedure 2.1 Preparation of amorphous LiNbO3 powders Equivalent mole of lithium ethoxide and niobium ethox ide (3N) were dissolved in absolute ethanol. It was then refiuxed at 78.5 for 24h in how of dry N2 to prepare the lithium and niobium double alkoxide solution.9) The double alkoxide was completely hydrolyzed with 7.5 equivalent mole of de-ionized water. Addition of required amount of water and further rehuxing yielded the white precipitate of lithium niobium hydroxide hydrate gel. After lithium niobi um hydroxide hydrate gel was filtrated and dried up, gel powders were heat-treated at 200 for 2h in O2 flow to pre pare amorphous LiNbO3 powders. Polycrystalline LiNbO3 powders were easily obtained by heating the amorphous LiNbO3 powders at 500.
2.2 Characterization of amorphous LiNbO3 powders Changes of solid state structure and hydroxyl group con tents in the prepared gel powders with the heating tempera ture were analyzed by X-ray diffraction (XRD), infrared spectroscopy (IR) and Raman spectroscopy. Raman spec troscopic observation was carried out by Raman microprobe spectroscopy using a 488nm line of the Ar+ laser with 100mW power (JASCO, NR-1100). 7Li (3/2) MAS NMR spectra of amorphous and polycrystalline LiNbO3 were observed at 155.395MHz for LiCl reference by high resolution solid state NMR spectroscopy (JEOL, JNM-EX400, FT-NMR). Morphology of amorphous parti cles was observed by scanning electron microscopy (SEM).
Measurement of conductivity of LiNbO3
The temperature dependence of conductivity was meas ured by following resistance changes which were obtained from Cole-Cole plots of the complex impedance measure ment with an LF impedance analyzer at temperatures be low 200. Measurements were executed upon amorphous LiNbO3 powders pressed in a disk (10mm in diameter and 2mm in thickness) and electrodes were placed on the both sides on a disk by Au coating. Characterization by XRD, IR and Raman spec troscopy Figure 1 shows XRD profiles of compounds after heat treatments of lithium niobium hydroxide hydrate gel at 200 and 500. The powders heat-treated at 200 did not show any particular diffraction pattern, indicating to be in X-ray amorphous state ( Fig. 1(a) ). On the contrary, powders heat-treated at 500
showed the typical polycrystalline LiNbO3 ( Fig. 1(b) ). Figure 2 shows IR spectra of the changes of hydroxyl group contents in powders with tem peratures up to 500.
The IR spectrum in the as-precipitated lithium niobium hydroxide hydrate gel showed large absorption bands due to hydroxyl group vibrations at 1650cm-1 and 3400cm-1 ( Fig. 2(a) ). By heating at 200, these two absorption bands became smaller to be the equivalent level to those crystallized at 500 (Figs. 2(b) and 2(c)). Absorption band at 640cm-1 on the powder heated at 500 was at tributed to Nb-O vibration of NbO6 octahedral structure in LiNbO3 crystals. The as-precipitated gel tended to be solu ble in water easily and the solution indicated to be basicity of pH 11. The Li/Nb composition ratio examined by the wet chemical analysis on the solution dissolving the gel was kept to be almost 1. As lithium is the alkaline metal, lithium niobium hydroxide hydrate gel might be apt to react with water to be soluble in the ionized state with retaining the coordination of Li-O-Nb-O-bonds. This solubility can be utilized to improve the processing for film formation.17) Figure 3 shows Raman spectra of the changes of solid state structure in powders with increasing temperature. As precipitated lithium niobium hydroxide hydrate gel and amorphous LiNbO3 powders obtained by heating at 200 showed similar spectra (Figs. 3(a) and 3(b)). It means that NbO6 octahedral coordination in the amorphous LiNbO3 powder has already been constructed in lithium nio bium hydroxide hydrate gel which was as-precipitated after hydrolyzed with water thoroughly. Polycrystalline LiNbO3 powders showed sharper bands corresponding to A1 and E symmetry modes of LiNbO3 crystal (Fig. 3(c) ). The previ ous Raman spectroscopic study of LiNbO3 thin film suggest ed that the back-bone structure of NbO6 octahedrons formed prior to the crystallization detectable by XRD. The result obtained here confirms the previous result.18) band in LiCl was fixed to 0ppm as the reference. 7Li MAS NMR spectra of polycrystalline LiNbO3 showed nothing ex cept for main band that appeared at 0ppm (Fig. 4(b) ). Compared to that, 7Li MAS NMR spectra of amorphous LiNbO3 showed a small but broad band by 13ppm downfield shifted from reference in addition to the main band ( Fig. 4(a) ). In both spectra, 7Li MAS NMR side bands appeared around main band in about 40ppm (6kHz) intervals which depended on the magic angle spinning rate (6kHz). Li is an element in group 1 and has the S or bital filled with electrons. S orbital has no specific spatial direction, which causes the chemical shift of about ten ppm. Since LiNbO3 crystal has the structure relating to corun dum, Li atom is surrounded by 6 oxygen atoms to form octa hedral structure orderly. Oxygen exists naturally as 16 without nuclear magnetic moment and the relative receptivi ty of NMR detectable 17O existence is very low. So, the in teraction of Li with O can be negligibly small in orderly ar ranged structure in crystalline state, which explains the result that 7Li MAS NMR spectra of polycrystalline LiNbO3 showed only main 7Li band. On the other hand, ex tra small broad band appeared next to the main band by 13 ppm in the 7Li MAS NMR spectra of the amorphous LiNbO3 could be supposed to be ascribed to the interaction of irregularly coordinated 7Li ions with 93Nb, suggesting that some mobile disorder Li ions existed in the amorphous structure. Figure 5 shows SEM photographs of spherical morpholo gy of lithium niobium hydroxide hydrate gel and amor phous LiNbO3 powders. The as-precipitated lithium niobi um hydroxide hydrate gel powders were un-agglomerated with the grain size of around 20nm when the double alkoxide solutions were hydrolyzed thoroughly ( Fig. 5(a) ). By aging the lithium niobium hydroxide hydrate gel suspen sion in ethanol for several days, the particle diameters were diversified from 10nm to 100nm, far from monodisperse powders with narrow particle size distributions. The heat treatment of gels at 200 caused the agglomeration to form some micrometer nodules (Fig. 5(b) ). were prepared after heat treatment of three different particle size distributions of lithium niobium hydroxide hydrate gel powders at 200, respectively. Figure 6 shows the complex impedance plots measured at 100 on disks of pressed amorphous LiNbO3 powders (porosity: No. 1, 27%; No. 2, 24%; No. 3, 29%). These plots showed the semicircle-like curves, which indicated resistance values represented by the diameters on the real axis. Figure 7 shows the temperature dependence of con ductivity plots. The results reveal that the conductivity range is from 10-6 to 10-8S/cm over observed tempera ture range below 200. Arrhenius plot of conductivity of the No. 2 powder indicates an activation energy of 0.47eV. In LiNbO3 single crystal in the same temperature range, conductivity has been reported to be below 10-20S/cm.13) The room-temperature value of the ionic conductivity of LiNbO3 glass made by twin-roller quenching method was reported to be about 10-5S/cm with an activation energy of 0.4eV. So, these values on amorphous LiNbO3 have about 1015 times higher than that on a single crystal LiNbO3, The relation between current and relaxation time was ex amined on No. 2 sample at room temperature (23) on shorting the circuit after applying the do voltage (10V). The result of the decreasing behavior of current shown in Fig. 8 is supposed to be characteristic of ionic conduction.
Morphology of powders
LiNbO3 crystal has the hexagonal close-packed structure in which regular oxygen octahedra are connected by shar ing corners. Li and Nb ions are packed to the center of the oxygen octahedra toward the polarization direction in the following cation stacking sequence; Nb, vacancy, Li, Nb (Fig. 9) On the other hand, in the conductivity measurement, the Cole-Cole plots showed a slight deviation from the semicir cular curve. It might suggest that the conductivity may give rise not only from intragrains, but also from Li+ ions at grain boundaries. The trace of water adsorbed at grain boundaries of the nano-meter particle size of the amorphous LiNbO3 powders, which were not removed out by heating at 200, might lead to Li+ elution attributable to the interface conductivity. 4 . Conclusions Amorphous LiNbO3 powders could be prepared from completely hydrolyzed metal alkoxides by the sol-gel method.
(1) Structural characterization of amorphous LiNbO3 revealed the intermediate stage of Nb-O octahedra toward to the crystallization.
(2) 7Li MAS NMR of amorphous LiNbO3 showed an ex tra small broad band that might be attributable to the irregu larly located Li ions in NbO6 octahedral networks partly effective for the conductivity.
(3) Lithium niobium hydroxide hydrate gel powders were consisted of un-agglomerated grains with average di ameter of 20nm, but had the tendency to the agglomeration to form some micrometer nodules by heating at 200.
(4) The disks of amorphous LiNbO3 powder compacts showed the conductivity from 10-6 to 10-8S/cm over ob served temperature range below 200.
